Rapid influenza diagnostic tests (RIDTs) are commonly used by clinicians to guide patient management. Data on sensitivities among hospitalized patients are limited. Here, we evaluated the clinical and virologic factors affecting the sensitivities of 2 commercially available RIDTs (BinaxNOW Influenza A&B and QuickVue Influenza A؉B) on nasopharyngeal aspirate (NPA) specimens collected from elderly patients and young children hospitalized for influenza. Influenza cases and age-matched negative controls were prospectively enrolled during the 2011-2012 influenza season in Hong Kong. NPA specimens were collected at presentation before antiviral treatment. Real-time reverse transcription-PCR (RT-PCR) results were used as references for the sensitivity analyses. One hundred patients (57 influenza cases and 43 controls) were studied. Both RIDTs had 100% specificities. The sensitivities of the BinaxNOW Influenza A&B and QuickVue Influenza A؉B tests were 70% and 82%, respectively. For both tests, the sensitivities were lower in cases with presentation times beyond 2 days of illness onset than for those within this time (50 to 71% versus 85 to 91%, respectively). There were trends toward lower sensitivities for influenza B than for influenza A (66 to 81% versus 76 to 84%, respectively), among young children than among the elderly patients (63 to 78% versus 80 to 88%, respectively), and among cases with pneumonia than those without pneumonia (75% versus 82 to 94%, respectively). The sensitivities of the RIDTs decreased with reduced NPA viral RNA levels (5.6 to 15.0% reduction per 1-log decrease), which declined progressively after illness onset (Spearman's rho, ؊0.47 [P < 0.05] and ؊0.66 [P < 0.001] for influenza A and B, respectively). Collectively, late presentation, a low NPA viral load, and probably lower respiratory manifestation are factors associated with reduced sensitivities of RIDTs for diagnosing influenza in hospitalized patients. A negative RIDT result should be interpreted with caution.
S
easonal influenza A and B viruses can cause severe respiratory tract infections, leading to hospitalizations and deaths among young children, elderly individuals, and those with underlying conditions (1) (2) (3) (4) . Emerging evidence suggests that patients hospitalized for severe influenza may benefit from early antiviral treatment, and this is recommended for all such patients according to the current clinical practice guidelines (5) (6) (7) (8) . A timely diagnosis of influenza is therefore essential. Reverse transcription-PCR (RT-PCR) is the most sensitive approach, but this assay may not be readily available in many health care settings. Instead, antigen-based rapid influenza diagnostic tests (RIDTs) are frequently used for case identification, especially in ambulatory care settings, because of their rapid turnaround time of around 15 min (9) . Studies have shown that these tests have relatively low sensitivities when applied to outpatients (10 to 50%) because the quality of the specimens is often suboptimal, and the viral loads in such patients with mild infections are usually low (9) . Data on the diagnostic performance of RIDTs among sicker, hospitalized patients are, however, limited. In this study, we evaluated clinical and virologic factors affecting the clinical sensitivities of 2 commercially available RIDTs (BinaxNOW Influenza A&B and QuickVue Influenza AϩB) applied on nasopharyngeal aspirate (NPA) specimens collected from elderly patients and young children, the 2 age groups associated with the highest hospitalization rates of influenza in our settings (1) .
MATERIALS AND METHODS

Patients and specimens.
The clinical management and diagnosis of patients hospitalized for influenza in our settings have been described previously (10) (11) (12) . In brief, patients presenting with symptoms of acute respiratory tract infections were admitted based on clinical evaluations regardless of perceived etiology. NPA specimens were collected immediately after admission and before antiviral treatment. In our routine practice, NPA specimens were tested for a panel of common respiratory viruses, including influenza A and B viruses, parainfluenza 1, 2, and 3 viruses, respiratory syncytial viruses, and adenoviruses by immunofluorescence assays (IFA) because of their reasonably fast turnaround time (within hours) and moderately high sensitivity for diagnosis. Influenza virus cultures were also performed in parallel. Influenza A virus subtyping was performed by the regional WHO National Influenza Centre (Centre for Health Protection, Hong Kong). During the study period (December 2011 to March 2012, the seasonal peak in Hong Kong), cases and controls were enrolled on a fixed day each week. Freshly collected NPA specimens which tested positive for influenza A or B by routine IFA were age stratified into 2 groups (Ͻ5 years and Ն75 years) and then randomly selected for this study. Age-matched hospitalized patients with influenza-like illnesses who tested negative for influenza by IFA were randomly selected as controls. All the NPA specimens collected were immediately subjected to additional tests, including (i) quantitative one-step RT-PCR assays and (ii) antigen detection by 2 RIDTs, as described below. Ethical approval for conducting this study was granted by the institutional review board (Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee).
Routine influenza virus detection by direct immunofluorescence antigen tests and virus cultures. Direct immunofluorescence antigen tests on NPA specimens was performed using a Light Diagnostics Influenza A & B DFA kit (Millipore, Billerica, MA). Influenza virus isolation was performed with standard tube cultures using Madin-Darby canine kidney cells. Cell cultures were monitored daily for evidence of cytopathic effects up to 10 days after inoculation.
Influenza NPA viral RNA level quantification by one-step RT-PCR assays. Influenza viral RNA levels in NPA specimens were quantified by virus type-specific, probe-based, one-step RT-PCR assays targeting the viral matrix gene. Briefly, viral RNA was first extracted from residual NPA specimens using a PureLink Viral RNA/DNA minikit (Life Technologies, Carlsbad, CA). Viral RNA quantitative detection was then performed using a SuperScript III Platinum One-Step qRT-PCR kit (Life Technologies) on a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). For influenza A, primers and probe sequences as well as the thermal cycling profile from our previous study were adopted (13) . For influenza B, the forward primer 5=-GAC GTC CAA AAR CTG GCA GAA-3=, the reverse primer 5=-TTG CCC CAA GRG ATC TCA-3=, and the hydrolysis probe 5=-FAM-TGC AAA GCA ACA TTG GA-MGB-3= were used; the thermal cycling profile was 52°C for 30 min and 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 56°C for 1 min. A cycle threshold (C T ) value for each NPA specimen was determined. Inferences of copy numbers were made with reference to serial dilutions of known amounts of plasmid standards containing target amplicons. The lower limits of detection for influenza A and B viral RNA were 250 copies/ml and 200 copies/ml of viral transport medium, respectively. RT-PCR positivity was used as a reference for comparing the sensitivity of other diagnostic methods.
Influenza virus detection by RIDTs. Two commercially available RIDTs were evaluated: the BinaxNOW Influenza A&B test (Alere, Waltham, MA) and the QuickVue Influenza AϩB test (Quidel, San Diego, CA). Residual NPA specimens in viral transport medium were immediately tested by a qualified technician in the research laboratory in parallel as per the manufacturers' instructions. Briefly, for the BinaxNOW Influenza A&B test, specimens were spotted onto the sample pads of the test devices with the transfer pipettes provided, and the results were read after an incubation of 15 min. For the QuickVue Influenza AϩB test, specimens were mixed with extraction reagent in the extraction tubes provided. Test strips were then placed into extraction tubes, and the results were read after an incubation period of 10 min.
Statistical analysis. The clinical sensitivities and specificities of RIDTs were calculated using RT-PCR assays as references. The chi-square test or Fisher's exact test was used for categorical comparisons, where appropriate. Correlations of the NPA viral RNA levels with the time intervals from illness onset were calculated using the Spearman rank correlation coefficient test. Univariate comparisons of NPA viral RNA levels with RIDT results (true positivity versus false negativity) were performed using the Mann-Whitney U tests. Cumulative probit regression analysis was used to estimate the effects of viral RNA level changes on the sensitivities of RIDTs. Statistical analyses were performed using SPSS Statistics, version 20 (IBM, Armonk, NY), or Prism 5.04 (GraphPad, La Jolla, CA), where appropriate. Two-tailed P values of Ͻ0.05 were considered statistically significant.
RESULTS
Patient descriptions.
Demographic, clinical, and virological features of the study population, which comprised 57 influenza cases and 43 controls, are summarized in Table 1 . There were 32 young children (aged Ͻ5 years) and 25 elderly patients (aged Ն75 years). The male-to-female ratio was 1:1. Influenza A and B were diagnosed in 25 (44%) and 32 (56%), respectively, of the total 57 influenza cases. All influenza A cases but one were caused by virus subtype H3N2. The median time interval from illness onset to specimen collection was 2 days (interquartile range [IQR], 1 to 4 days). Notably, elderly cases presented earlier than young children (median, 1 [IQR, 1 to 2] versus 3.5 [2 to 6] days; P Ͻ 0.0001). A majority (80%) of elderly cases reported at least 1 underlying comorbid illness, whereas none was reported from young children. Pneumonia confirmed by chest X ray was observed in 8 (32%) elderly cases. Overall, patients in the control group had demographic and baseline characteristics comparable to those in patients with influenza.
Diagnostic performance of RIDTs. The diagnostic performances of the 2 RIDTs are summarized in Table 2 . With RT-PCR positivity as a reference, both tests had 100% specificities. No false positivity was observed in the control group. The overall sensitivities of the BinaxNOW Influenza A&B and QuickVue Influenza AϩB tests were 70% and 82%, respectively. For both tests, the sensitivities were lower in cases with a presentation time beyond 2 days of illness onset than in those presenting within that period (BinaxNOW Influenza A&B, 50% versus 85%, P Ͻ 0.01; QuickVue Influenza AϩB, 71% versus 91%, P Ͻ 0.1). There were trends toward lower sensitivities for influenza B than for influenza A (BinaxNOW Influenza A&B, 66% versus 76%; QuickVue Influ- a Cases and controls were defined using RT-PCR assays as references. There were 7 influenza cases of young children who initially tested negative by immunofluorescence assay and later positive by RT-PCR assays for influenza B. The estimated sensitivity of the immunofluorescence assay was 88% for all influenza cases (with reference to RT-PCR assay). NS, not significant.
enza AϩB, 81% versus 84%), among young children than the among elderly (63% versus 80% and 78% versus 88%) and among cases with pneumonia than those without pneumonia (75% versus 82% and 75% versus 94%). However, these trends were not statistically significant. NPA viral RNA levels and RIDT diagnostic performance. For both influenza virus types, the median (IQR) NPA viral RNA levels of elderly cases on admission were higher than those of young children (influenza A, 10.4 [9.0 to 11.2] versus 9.1 [8.4 to 9.8] copies/ml, P Ͻ 0.05; influenza B, 7.3 [6.1 to 7.5] versus 5.9 [5.0 to 6.2] copies/ml, P Ͻ 0.001). However, there were negative correlations between the viral RNA levels and times elapsed from onset (influenza A, rho ϭ Ϫ0.471, P Ͻ 0.05; influenza B, rho ϭ Ϫ0.655, P Ͻ 0.001) (Fig. 1) . Samples with false-negative RIDT results had significantly lower viral RNA levels (by ϳ1 log 10 for both virus types) compared to those with true-positive results (Fig. 2) . Falsenegative virus isolation results were similarly associated with lower viral RNA levels. The sensitivities of the 2 RIDTs declined progressively with decreases in viral RNA levels, as indicated by increasing C T values for the quantitative one-step RT-PCR assays (Table 3) . Based on cumulative probit regression analysis, it was estimated that a 1 log 10 decrease in the viral RNA concentration would result in 5.6% and 8.9% decreases in the sensitivities of the BinaxNOW Influenza A&B and QuickVue Influenza AϩB tests for influenza A, respectively; for influenza B there were 7.9% and 15.0% decreases in sensitivities, respectively.
DISCUSSION
Our results indicate that although highly specific, RIDTs are only moderately sensitive for diagnosing seasonal influenza among hospitalized elderly patients and young children. The overall sensitivities of the QuickVue Influenza AϩB and BinaxNOW Influenza A&B tests were 82% and 71%, respectively. The findings agree with those of other studies on these RIDTs using NPA specimens, which contain more epithelial cells, as specimens for testing (pooled sensitivities of 19.5 to 85.7% for the QuickVue Influenza AϩB test [14] [15] [16] [17] and 21.6 to 71.0% for the BinaxNOW Influenza A&B test [14, [18] [19] [20] ). Notably, the sensitivity revealed in our population of hospitalized patients is among the highest reported for RIDTs.
We have identified several factors that may affect the sensitivities of RIDTs, which include the time elapsed from illness onset, the viral RNA level at presentation, the virus type, and possibly the predominant site of clinical involvement. Our observation that RIDTs have lower sensitivities for influenza B is consistent with a recent meta-analysis of 159 studies (9) . Although RIDTs have been reported to perform better among young children (presumably related to the higher viral RNA levels among young children) (9), our data suggest that the sensitivity may not be lower in hospitalized elderly patients. This can be addressed, at least in part, by our findings. We found a significant negative correlation between time elapsed from illness onset and NPA viral RNA level, which explained the much reduced clinical sensitivity (Ͼ20%) among patients who presented after 2 days. Notably, this also suggests that the time of specimen collection is another important confounding factor for the clinical sensitivity of RIDTs and may partially explain the relatively higher sensitivity of the RIDTs in the elderly patients as they presented overall 2 days earlier than the young children in our study. The observation that the sensitivity of RIDTs tended to be lower in cases with pneumonia has serious clinical implications and should warrant further study. There are increasing reports of false-negative test results for upper respiratory samples in influenza patients who developed pneumonia (21) , even with the use of PCR assays. Because of a relatively low level of viral shedding in the upper respiratory tract, obtaining a lower respiratory tract sample (e.g., sputum, tracheal aspirate, or bronchoalveolar lavage specimens) for testing is generally advisable (5, 22) . Notably, our study provides useful data to show that the sensitivities of RIDTs for seasonal influenza virus infections are largely determined by the virus concentrations present in the specimens. Compared with samples with true-positive results, those with false-negative RIDT results had 10-fold lower NPA viral RNA levels. We estimate that the test sensitivity will be reduced by approximately 10% per 1 log decrease in the NPA viral RNA level. Our study supports the current view that a negative RIDT result does not necessarily exclude influenza, even among hospitalized patients with NPA specimens submitted for testing and must be interpreted with great caution (9, 22) . Our study has several limitations. The sample size was relatively small, and we only included two available RIDTs for study. Although the use of the less-sensitive IFA for case identification might tend to select cases with higher viral levels, highly sensitive RT-PCR assays were performed on both case and control groups and were used as the references for calculating RIDTs sensitivities. Since influenza B and A(H3N2) were the predominant circulating viruses during the 2011- 2012 winter season (see http://www.chp.gov.hk/files/pdf/fluexpress _week26_7_4_2013_eng.pdf), we were unable to study the A(H1N1) 2009 virus, which is already known to be associated with a low RIDT sensitivity. We did not assess the effect of vaccination as data on vaccination status were incomplete in this cohort. However, the influenza vaccination rates of the age groups studied here in the Hong Kong population is generally low (30 to 40%) (10, 12) .
In conclusion, we found that RIDTs have only moderate sensitivities for diagnosing influenza in hospitalized patients. Late presentation, low NPA viral RNA levels, and probably clinical manifestations of the lower respiratory tract are factors associated with the reduced sensitivities. In settings where these tests are used, clinicians should be aware of the limitations and pitfalls.
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